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The distribution and abundance of viable resting eggs of copepod Acartia pacifica in Xiamen
Bay, China, were determined in the laboratory by the presence of nauplii hatched from the sediments.
Sediment cores to a depth of 30 cm, sliced at 1.0 cm intervals, showed that most viable resting eggs
of A. pacifica occurred near the sediment surface (0–5 cm), and the number of viable eggs sharply
decreased with depth of the sediment, although resting eggs remained viable as deep as 23 cm. 210Pb
analyses of the sediments indicated that the maximum age of viable eggs of A. pacifica was 20.5
years and the mean egg age was 4.3 years. The egg mortality of A. pacifica in the sediment was
0.1408 year1, or 85.92% annual egg survival, calculated by regressing ln(egg density) on the age of
the sediment. The horizontal distribution of viable resting eggs ranged from 2.27103 to 3.85105
m2, with a mean value of 9.49104 m2. Regressions between viable eggs of A. pacifica and all
fine-fraction particle size classes (at 2 Am intervals) were not significant. The accumulation of viable
resting eggs that can persist for an extended period of time provided evidence for the existence of an
egg bank of A. pacifica in the seabed of Xiamen Bay.
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Planktonic copepods are the principal link between primary producers and
carnivores in the sea, which directly affects pelagic fish population and biological
pump of carbon. It has been well recognized that many coastal and freshwater
copepods actually spend a portion of their life cycle in the sediment as resting eggs
(reviewed by Grice and Marcus, 1981; Marcus, 1996), which is likely to profoundly
influence the dynamics of the pelagic community (Boero et al., 1996; Hairston et al.,
2000; Bell and Weithoff, 2003) since benthic resting eggs enable the persistence of
such species and are important agents of local recolonization. Two types of resting
eggs are distinguished: subitaneous and diapause eggs. Subitaneous eggs can normally
hatch after spawning, but if they are exposed to unsuitable conditions (e.g., low
temperature or reduced oxygen), development is delayed and they become quiescent.
Unlike subitaneous eggs, diapause eggs must undergo a refractory phase, during which
development does not resume even if conditions are suitable (reviewed by Grice and
Marcus, 1981; Marcus, 1996).
Copepod resting eggs can be extremely abundant (106 m2) in many bays and
estuaries (reviewed by Marcus, 1996). They can remain viable in the sediment for
months to years (Marcus et al., 1994; Marcus and Lutz, 1998), even for centuries in
lakes (Hairston et al., 1995). The accumulation of resting eggs that can persist for an
extended period of time in the sediment thus creates an egg bank analogous to the
seed banks of many terrestrial plants (Hairston and De Stasio, 1988; De Stasio, 1989;
Marcus et al., 1994; Hairston et al., 1995). An egg bank not only can ensure the
survival of copepods through a harsh period, but could have profound effects on
microevolutionary dynamics (Hairston and De Stasio, 1988). However, the widespread
geographic significance of copepod resting eggs is not clear since most studies of the
distribution and abundance of resting eggs in the field have been investigated in
temperate waters (reviewed by Grice and Marcus, 1981; Marcus, 1996). Few studies
have been conducted in subtropical waters (Marcus, 1989, 1991). The aim of the
present study is to investigate the age, distribution and abundance of copepod resting
eggs in the seabed of a subtropical estuarine bay, since it is critical to understand the
dynamics of an egg bank and its potential impact on ecological and evolutionary
processes in subtropical systems.
Xiamen Bay is a semi-enclosed bay with a dike connecting Xiamen Island and
the mainland of China. The water depth ranges from 6 to 25 m. The calanoid
copepod, Acartia pacifica, is widely distributed along the coast of China. In Xiamen
Bay, the species is the winter–spring dominant copepod in the water column. This
species appears in November in Xiamen Bay and reaches an annual maximum
density in April. During the period from November to May, only smooth
subitaneous eggs are produced, most of which can hatch within 1–2 days at
ambient temperature. After the annual maximum in the water, the planktonic
population decreases in size, and simultaneously the females begin to produce
diapause eggs, which are spiny and do not hatch immediately. As water temperature
increases, the planktonic population is further reduced and completely disappears at
the end of June (Wang et al., 1994).
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Sampling was conducted on 8 August 2003 in Xiamen Bay, China (Fig. 1z).
Undisturbed sediments to approximate 50-cm depth were collected with an Ekman Bottom
Grab at each station. After being hauled to the surface, four cores (2.9 cm diameter, 30 cm
long) were taken by inserting plastic pipes into the surface of the collected material at
Station 2.
Two cores were used to determine the vertical distribution of viable eggs. In the
laboratory, each core was extruded and sliced at 1.0 cm intervals. Each sample was washed
through a 200-Am mesh gauze and a 50-Am mesh gauze. The former strained out larger
particles in the sediment. A. pacifica eggs and similarly sized particles remained on theFig. 1. Sampling sites in Xiamen Bay.
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30-ml beakers filled with seawater (25x) filtered through a 5-Am mesh gauze at 20 8C
and a 12:12-h light–dark cycle to allow viable eggs to hatch. The incubation lasted for 2
months. The contents of beakers were observed every 2 days. The filtered seawater over
the sediment was renewed. Every nauplius recovered from the supernatant was
individually transferred to a 50-ml beaker. The nauplii were offered a mixed diet (1:1)
of Isochrysis galbana and Phaeodactylum tricornutum until they were identifiable to
species. The abundance of A. pacifica was counted, which was used to indicate the
number of the viable eggs of A. pacifica in the sediment. Good aeration, cleaning of the
sediment and removal of finer particles provide a measure of the maximum hatch in the
event of complete resuspension of the eggs in clean seawater (Lindley et al., 1998).
One other core was processed to determine the hatching of subitaneous and diapause
eggs of A. pacifica. The core was cut at 1.0 cm intervals down to 10 cm and then at 5.0 cm
intervals because the number of eggs was low at deeper layers. Identification of
subitaneous and diapause eggs of A. pacifica was according to the method of Wang et al.
(1994): Diapause eggs are spiny and subitaneous egg are smooth when viewed under the
light microscope. They were extracted from the sediment by the sugar flotation method.
The material from 50 to 200 Am was washed into a centrifugation tube with sugar solution
(1000 g sucrose in 1000 ml distilled water) and centrifuged at 3000 rpm (1300g) for 3
min (Lindley et al., 1998). After the centrifugation, the supernatant was transferred back to
the sieve and sugar was carefully washed away. Each egg was placed in a well of a 24-well
tissue culture plate filled with filtered seawater. The eggs were incubated in the same
conditions as described above. Eggs that did not hatch after 2 months were regarded as
nonviable.
Three deeper layer samples (18–20, 24–26 and 28–30 cm) from the fourth core were
analyzed to determine the age of the eggs. Deeper samples are not affected by the sediment
mixing which often occurs near the sediment surface due to physical and biological
disturbance in coastal areas. Mixing of seabed in the deep layer of sediment does not occur
as there are no benthic fauna and physical resuspension events are rare (personal
observation). 210Pb was measured by a N-type high purity germanium low background
gamma spectrometry system (Kim and Burnett, 1983).
The mortality rate of eggs of A. pacifica in the sediment was calculated according to the
method of Hairston et al. (1995) by regressing ln(eggs) on the sediment age at which the
eggs were collected. The regression slope is thus egg mortality.
To investigate the horizontal distribution of viable resting eggs of A. pacifica,
sediments were collected at nine stations in Xiamen Bay (Fig. 1). At each station, a plastic
pipe (2.9 cm diameter, 15 cm long) was inserted into the surface of the collected materials
and capped after the sediments were hauled to the surface. In the laboratory, the core was
sliced at 1.0 cm intervals. The number of viable eggs of A. pacifica was estimated
according to the above method.
The grain size of sediments was investigated using the BECKMAN COULTER
Multisizer 3. The samples were ultrasonically treated (bath) for a time not exceeding 10
min. They were then dispersed in ISOTON II electrolyte solution, surfactant dispersant
(Coulter dispersant) was added, and the samples were immediately analyzed. The tube
with the aperture of 200 Am was used to cover the range from 4.0 to 120 Am. Size
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then averaged.3. Results
The vertical distribution of viable eggs of A. pacifica (indicated by the presence of
nauplii) at Station 2 is shown in Fig. 2. Most viable resting eggs of A. pacifica occurred
near the sediment surface (0–5 cm). The greatest number of viable eggs, 7.95103 m2,
occurred in the uppermost centimeter. Another peak occurred in the 4–5 cm layer. Below
this, the number of resting eggs of A. pacifica sharply decreased, but eggs remained viable
down to 23 cm (Fig. 2). A calculation of the total number of viable resting eggs of A.
pacifica in the sediment at Station 2 yielded 3.82104 m2 living animals waiting to
hatch.
There was an exponential decrease (r2=0.9933, n=3, Pb0.01) between the excess
210Pb activities and depth of sediment (Fig. 3). The estimated sediment accumulation
rate (s) is 1.095 cm/year. This result indicates that the eggs of A. pacifica collected from
22 to 23 cm layer were about 20.5 years old. The mean age of A. pacifica eggs in the
sediment was 4.3 years.Fig. 2. Abundance of A. pacifica viable eggs as a function of sediment depth.
Fig. 3. Excess 210Pb activity as a function of sediment depth.
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abundance) and the sediment age (Fig. 4). Egg mortality of A. pacifica in the sediment was
thus estimated to be 0.1408 year1, or 85.92% annual egg survival.
The hatching rates of subitaneous and diapause eggs of A. pacifica are shown in
Table 1. Estimated hatching rates of the eggs from some layers were unreliable due toFig. 4. Mortality of A. pacifica eggs in the sediment.
Table 1
Hatching rates (%) of subitaneous and diapause eggs of A. pacifica
Depth (cm) Subitaneous eggs Diapause eggs
0–1 75.0 (12) 42.9 (7)
1–2 28.6 (14) 50.0 (4)
2–3 44.4 (9) 80.0 (5)
3–4 44.4 (9) 66.7 (3)
4–5 7.1 (14) 60.0 (5)
5–6 62.5 (8) 0 (2)
6–7 25.0 (4) 66.7 (3)
7–8 0 (3) 66.7 (6)
8–9 0 (2) 66.7 (6)
9–10 0 (2) 60.0 (5)
11–15 0 (6) 33.3 (12)
16–20 0 (7) 22.2 (9)
21–25 0 (6) 36.4 (11)
26–30 0 (4) 0 (8)
Corresponding sample size (number of eggs) is shown in parentheses.
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uppermost layer. No nauplii hatched from the subitaneous eggs that were isolated from
the sediment below 7 cm. There was a significant decline of subitaneous eggs hatching
rates with sediment depths from 0 to 10 cm (r2=0.5447, n=10, Pb0.05), while the
relationship for diapause eggs was not significant (r2=0.0143, n=10, PN0.05). The
largest hatch of diapause eggs (80.0%) occurred in the 2–3 cm layer.
The horizontal distribution of viable resting eggs (indicated by the presence of nauplii)
of A. pacifica was not even in Xiamen Bay (Table 2), ranging from 2.27103 to 3.85105
m2. The mean viable eggs density was 9.49104 m2. The number of eggs in inside
stations (5, 7, 8, 9) was an order of magnitude higher than those in outside stations (1, 2, 3,
4). The number of viable eggs at Station 6 was very low. The viable resting eggs of A.
pacifica were found at all depths from 0 to 10 cm, although not at every station (Table 2).
The greatest number did not necessarily occur in the uppermost centimeter of the
sediments but often occurred several centimeters below the water–sediment interface.Table 2
Total number (103) of viable eggs of A. pacifica from each subsample
Station no. Depth interval (cm)
0–1 1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 Total
1 5.68 4.54 1.89 0.38 0.76 0.76 1.51 0.76 0.38 0.38 17.04
2 6.82 3.03 5.68 7.19 4.17 3.03 1.14 1.14 1.14 0 33.34
3 7.57 4.17 1.89 1.51 0.38 0 0.38 0 0.76 0 16.66
4 1.14 2.27 2.65 0.38 0.38 0 0.38 0.76 0.76 2.27 10.99
5 0.38 6.44 18.17 7.19 18.55 18.93 11.36 9.09 10.22 5.3 105.63
6 1.51 0.76 0 0 0 0 0 0 0 0 2.27
7 8.33 9.84 17.42 23.48 40.14 63.99 69.67 74.97 49.22 28.4 385.46
8 10.22 16.66 25.75 26.51 23.1 4.17 7.95 5.68 6.06 3.03 129.13
9 19.69 21.58 35.59 28.4 24.99 6.82 8.71 4.54 2.27 1.14 153.73
Fig. 5. Number of viable eggs of A. pacifica in the sediment vs. the sediment grain size.
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sediments was not evident (Fig. 5, r2=0.1486, n=9, PN0.05). Frequencies of fine-fraction
particles (at 2.0 Am intervals) are shown in Table 3. Regressions between viable eggs of
A. pacifica and all fine-fraction particle size classes (at 2 Am intervals) were not
significant (Table 3).4. Discussion
Benthic–pelagic coupling refers to the two-way exchange, or flux of matter, between
benthic and pelagic environments in aquatic systems. Most studies have focused on the
deposition of nonliving organic matter to the seabed, resuspension and release of nutrients
from the seabed back into the overlying water column, and the effects of benthic
organisms in those processes (reviewed by Graf, 1992; Marcus and Boero, 1998; Raffaelli
et al., 2003). However, what must also be taken into account, but is often overlooked, is
the reciprocal recruitment of living particles between the benthos and the overlying water
body, which is likely to profoundly influence the dynamics of benthic and pelagicTable 3
Frequencies (%) of fine-fraction sediments and P values of correlations between the number of viable eggs and
the sediment fraction
Station no. Frequencies (%) of fine-fraction sediments (Am)
b6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 24–26 26–28 N28
1 15.29 16.80 13.10 10.80 8.81 7.00 5.56 4.71 3.51 2.71 1.98 1.99 7.73
2 12.32 18.15 14.37 11.60 8.73 7.35 5.69 4.50 3.36 2.60 2.42 1.77 7.15
3 13.23 18.77 14.67 12.15 8.63 7.17 5.90 3.94 3.15 2.47 1.63 1.69 6.58
4 14.12 20.56 16.39 13.12 9.04 6.83 5.08 3.74 2.52 1.90 1.61 1.14 3.94
5 14.67 20.90 16.55 12.55 8.87 6.63 4.92 3.45 2.56 1.73 1.32 1.01 4.85
6 15.10 21.94 16.57 12.85 8.76 7.02 4.70 3.31 2.17 1.87 1.00 0.70 4.00
7 15.43 21.54 16.84 12.59 8.79 6.65 4.77 3.33 2.36 1.57 1.23 1.09 3.83
8 18.57 24.81 17.99 12.79 8.20 5.52 4.02 2.35 1.66 1.11 0.78 0.57 1.61
9 15.76 22.47 17.58 13.13 9.07 6.60 4.45 2.94 2.02 1.32 1.03 0.69 2.94
P 0.332 0.266 0.195 0.486 0.942 0.298 0.228 0.241 0.278 0.123 0.301 0.380 0.245
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mean number of viable resting eggs of A. pacifica is up to 9.49104 m2 in the seabed of
Xiamen Bay in August. Accumulations of these resting eggs may represent a potential
source for the recruitment of nauplii into the water column, which may greatly affect the
population dynamics of A. pacifica. Thus, researchers interested in the fluctuations of
zooplankton population must pay attention not only to features of the pelagic environment,
but also the benthic habit.
The present results provide evidence for the existence of an egg bank of planktonic
copepods in a subtropical bay. The mean age of resting eggs of A. pacifica was 4.3 years
and the maximum age was 20.5 years. The accumulation of those resting eggs that persist
for a long time thus represents an egg bank in the seabed of Xiamen Bay. The existence of
such an egg bank may have ecological and evolutionary implications. Environmental
fluctuation is typical of coastal and freshwater systems. Some species may disappear from
water column due to harsh conditions, but their egg bank in the sediment may act as a
reservoir for seeding the active community when conditions favorable for growth and
reproduction return. The egg bank also could have great influence on the microevolu-
tionary dynamics since the resting eggs sequester a substantial fraction of the gene pool
from the living population in water column (Hairston and De Stasio, 1988).
Our results suggest that the maximum age of viable resting eggs of A. pacifica was 20.5
years. Marcus et al. (1994) found viable eggs of a variety of zooplankton taxa including
copepods, a cladoceran, and a rotifer with maximum ages between 5 and 40 years in the
sediment of the Pettaquamscutt estuary, Rhode Island, USA. However, the eggs of
Diaptomus sanguineus can live as long as 332 years in the sediment of freshwater lakes in
Rhode Island (Hairston et al., 1995). Although there is an order of magnitude difference
among the maximum ages of copepod eggs, it is interesting that the deepest layers that
eggs remain viable in different environments are similar: 23 cm for eggs of A. pacifica, 24
cm for eggs of zooplankton (Marcus et al., 1994) and 30 cm for eggs of D. sanguineus
(Hairston et al., 1995). So difference in the sediment accumulation rates of different
environments that are used to estimate the age of eggs may be the main reason for great
variation of age of copepod eggs. It must be indicated that the age estimates of copepod
eggs in these studies were based on analyses of the surrounding sediments not the eggs
themselves due to the small size of the eggs. A limitation of these studies is that the
estimates are affected by the egg movements within the sediments due to physical and
biological turbulences. Moriuchi et al. (2000) developed a new approach, tandem
accelerator mass spectrometry (TAMS), to directly measure the seed bank age structure of
a Sonoran Desert annual plant. Unlike other dating techniques, TAMS method counts the
actual number of carbon isotope atom in a sample, which permits high precision and
allows the use of very small samples (Donahue, 1995). Additionally, TAMS technique has
strong potential for answering a broad range of ecological and evolutionary questions
(Moriuchi et al., 2000). Thus, the age of copepod resting eggs should be directly measured
using this technique in the further study.
Copepod eggs that buried in the sediment remain dormant, possibly due to anoxia (Ban
and Minoda, 1992; Marcus and Lutz, 1998). Although eggs remain viable, they do not
hatch unless they are resuspended into the water column or returned to the water–sediment
interface (Kasahara et al., 1975; Uye and Fleminger, 1976). Thus, an important question is
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source for recruitment of nauplii into the water column. The extent to which resting eggs
may contribute to the growth of the planktonic population depends on the sediment
accumulation rate and the probability that eggs are resuspended or returned to the sediment
surface. In shallow coastal waters wave action, current and bioturbation are the dominating
factors for particles fluxes across the sediment–water interface. In most cases, storm events
and current flow can penetrate to the seabed and cause widespread resuspension of
sediments (Rhoads, 1974; Soulsby et al., 1993; Jing and Ridd, 1996), which may result in
large hatching of resting eggs. However, mucus production, bacterial mats or diatom films
result in increased adhesion of the sediment, thereby reducing the suspension of the
sediments (Graf and Rosenberg, 1997). Active bioturbation processes (e.g., production of
biogenic structures, transports of sediment resulting from organism movements, faeces
production at various depths within the sediment, water and solute circulation in burrows
by bioirrigation) may decrease the stability of sediments, making them more susceptible to
resuspension (Graf and Rosenberg, 1997). Conveyer belt species such as oligochaetes
forage on particles in the sediment and excrete on the sediment surface, which provide a
mechanism for the return of eggs from deeper strata to the surface (Marcus and Schmidt-
Gengenbach, 1986). Although some eggs seem to survive ingestion and egestion by the
benthic macrofauna (Marcus, 1984), a recent study suggested that deposit-feeding
amphipods (Monoporeia affinis) could reduce the recruitment of benthic resting eggs to
zooplankton due to predation, burial or physical injuries (Albertsson and Leonardsson,
2001).
Although hatching rates of resting eggs from some layers were unreliable due to low
sample sizes, it is clear that the subitaneous eggs of A. pacifica can only remain viable
within several centimeters near sediment surface and viable diapause eggs can occur in
deeper layers. The results suggest that diapause eggs of A. pacifica remain longer period of
time than subitaneous eggs. Subitaneous eggs of some species are likely to remain viable
in the seabed for only a few days to weeks and provide recruits of nauplii for the
planktonic population for the current growing season (Marcus and Lutz, 1998), while
diapause eggs should be important for the year-to-year perpetuation of species that
regularly disappear from the water column on a seasonal basis, because they can remain
viable for months to years (Marcus et al., 1994; Hairston et al., 1995). The capacity of
diapause eggs to resist the adverse conditions may result from their complex egg
constructions. One of the morphological differences between diapause and subitaneous
eggs of copepods is the shell structure since diapause eggs generally have a thick,
multilayered shell, while subitaneous eggs only have a thin, single-layered shell (Hairston
and Olds, 1984; Santella and Ianora, 1990; Couch et al., 2001).
Marcus and Fuller (1986) suggested that copepod eggs should accumulate in muddy
sediments because their sinking rates and other physical characteristics are similar to silt
sized particles. Subsequently, some investigations reported positive correlations between
egg number and the proportion of silt-sized particles in the sea bed (Marcus and Fuller,
1989; Lindley, 1990). Regressions between viable eggs of A. pacifica and all fine-fraction
particle size classes (at 2 Am intervals) were performed in order to further investigate
whether or not there is a positive correlation between egg abundance and a certain particle.
Our results showed there were no significant relationships (Table 2). However, it does not
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particle does not exist, since the mortality rate of eggs differ between areas.Acknowledgements
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